When plants began to settle on terrestrial habitats, they had to develop flexible and simultaneously robust mechanical lattices to overcome the constraints of mechanical load that was not any longer compensated by buoyancy. The invention of load-bearing modules consisting of central vasculature, surrounded by parenchymatic tissue and a water-tight epidermis with controllable stomata, the so called telomes, was a key achievement in the success story of land plants.
The directional transport of the plant hormone auxin depends on transcellular gradients of auxin-efflux carriers that continuously cycle between plasma membrane and intracellular compartments. This cycling has been proposed to depend on actin filaments. However, the role of actin for the polarity of auxin transport has been disputed. To get insight into this question, actin bundling was induced by overexpression of the actin-binding domain of talin in tobacco BY-2 cells and in rice plants. This bundling can be reverted by addition of auxins, which allows to address the role of actin organization on the flux of auxin. In both systems, the reversion of a normal actin configuration can be restored by addition of exogenous auxins and this fully restores the respective auxin-dependent functions. These findings lead to a model of a self-referring regulatory circuit between polar auxin transport and actin organization. To further dissect the actin-auxin oscillator, we used photoactivated release of caged auxin in tobacco cells to demonstrate that auxin gradients can be manipulated at a subcellular level.
REVIEW REVIEW auxin, a cell-to-cell process described by a modified chemiosmotic model. 3 This means that patterning is driven by cell polarity. The self-amplification of cell polarity by a polar auxin flow has been linked with directional intracellular traffic that contains positive feedback loops in combination with lateral inhibition resulting in an ordered pattern. 4 This mechanism has been elegantly demonstrated for the venation of developing leaves 5 or the patterning of meristems, 6 and ultimately dependends on the directionality of auxin transport. In the meantime, several plant-specific pinformed (PIN) proteins have been identified as candidates for auxin-efflux facilitator proteins, 7 and despite a long debate on the actual function of these proteins, the most recent results show that they are in fact rate-limiting for auxin efflux. 8 The polar localization of the PIN-proteins is not static, but corresponds to a dynamic equilibrium between endocytotic uptake into endosomal compartments and exocytotic targeting to the plasma membrane. This was concluded from experiments with Brefeldin A (BFA) 9, 10 that caused a redistribution of the PIN1 protein into intracellular compartments. This so called PIN-cycling is controlled by small GTPases, the ADPribosylation factors (ARF) and their associated guanine nucleotide exchange factors 11 that are the targets of BFA. A mutation of one of these guanine nucleotide exchange factors causes the gnom mutant phenotype, where PIN1 becomes trapped in endosomal compartments. However, the link between ARFs and PIN has been challenged by experiments, where the internalization of PIN2 was blocked by tyrphostin, an inhibitor of clathrin-mediated endocytosis.
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What does Actin Do in Auxin Transport-Does it?
Inhibitors of actin assembly suppress the effect of BFA on PIN1 internalization, cause a rapid internalization of PIN3, 13 and disturb the polar localization of PIN1, 10 and, with even higher efficiency, of the auxin-efflux carrier AUX1.
14 On the other hand, treatment of zygotes of the brown alga Fucus by phytotropins impaired both the organization of actin filaments, and the induction of developmental polarity by light or gravity. 15 In addition, the cycling of PIN-proteins between plasma membrane and intracellular compartments is regulated by auxin itself. 16 These observations have led to models that link the polar localization of the PIN-proteins to actin-dependent transport. 17, 18 However, this presumed link has been recently questioned by experiments,
The Auxin-Actin Circuit in Patterned Cell Division
In addition to cell expansion, auxin can induce cell division through a G-protein dependent pathway. 28 This pathway is preferentially triggered by 2,4-dichlorophenoxy-acetic acid (2,4-D) . In contrast, cell expansion is preferentially triggered by 1-naphthalene acetic acid (NAA) using a pathway that is independent of G-proteins. 29 When the effect of auxin on root growth in Arabidopsis thaliana was assessed separately for the contributions of cell division and cell elongation, 19 the natural auxin indole-acetic acid (IAA), along with NAA and TIBA were found to inhibit cell elongation with little effect on filamentous actin. In contrast, 2,4-D and NPA impaired cell proliferation and eliminated actin filaments. This indicates that auxins regulate cell expansion and cell division through two distinct pathways that not only differ with respect to the role of G-proteins, but also with respect to the role of actin filaments. To what extent the auxin effect on cell division involves corresponding redistributions of PIN-proteins remains to be elucidated. A part of the controversy on this aspect (see above) might arise from the fact that the root is a very complex system consisting of different tissue layers that differ with respect to molecular machinery, auxin sensitivity, and cytoskeletal organization. Moreover, the frequency of cycling cells, even in a rapidly growing root, is relatively modest.
As simple model to study cellular aspects of cell division, the tobacco cell line Bright Yellow 2 (BY-2) has been very useful over many years. In this system, the role of different phytohormones has been studied in detail, 30 and the possibility to synchronize BY-2, 31 provided a powerful approach to detect fluctuations of hormone levels during cell division. 32 Moreover, we had observed that cell divisions within individual cell files are partially synchronized, leading to a much higher frequency of cell files with even cell numbers as compared to files with uneven cell numbers. 33, 34 This synchrony of cell divisions could be inhibited by low concentrations of NPA. Although it has been known for a while that auxin is necessary for the progress of the cell cycle, and thus can be used to synchronize the cell cycle in plant cell cultures, 35 this was the first time that auxin was shown to coordinate the divisions of adjacent cells.
Using the auxin-dependent synchrony, we addressed the role of actin in auxin-signaling using patterning as sensitive trait to monitor changes of polar auxin fluxes. 34 If actin is part of an auxin-driven feedback loop, it should be possible to manipulate auxin-dependent patterning through manipulation of actin. To test this prediction, we used a genetic approach, where we expressed the actin-binding domain of mouse talin in fusion with YFP. Mouse talin has been proposed to compete with endogenous actin-depolymerisation factors for binding sites on actin such that the actin filaments are progressively trapped in a bundled configuration. 36 In fact, a BY-2 cell line overexpressing the actinbinding domain of mouse talin in fusion with YFP exhibited constitutively bundled actin filaments. As expected, the synchrony of cell division was impaired in this line, but could be restored by addition of transportable auxins such as IAA and NAA (but not by 2,4-D) along with a normal organization of actin. Actin tus not only responds to changes in the cellular content of auxin, where PIN1 and PIN2 maintained their polar localization, although actin filaments had been eliminated by the artificial auxin 2,4-dichlorophenoxy-acetic acid (2,4-D), or the phytotropin naphthylphthalamic acid (NPA). 19 On the other hand, the phytotropin tri-iodobenzoic acid (TIBA) induced actin bundling not only in plants, but also in mammalian and yeast cells, i.e., in cells that are not to be expected to utilize auxin as signalling compound. 20 This was interpreted as supportive evidence for a role of actin filaments in polar auxin transport. Interestingly, the phytotropin action of TIBA along with N-ethyl-maleimide was originally discovered when the role of SH-rich proteins for auxin transport was investigated. 21 Both compounds had been classically used as inhibitors of sulfhydryl groups and N-ethylmaleimide was widely used as efficient blocker of actomyosin activity, for instance in the context of cytoplasmic streaming. 22 Thus, the observation that TIBA inhibits auxin flux by bundling actin 20 is congruent with the classical use of SH-blockers to inhibit functions of actomyosin.
This collection of partially contradicting observations illustrates that, although actin seems to play a role for the polarity of auxin fluxes; this issue is, first, not simple, and, second, far from being understood.
Auxin Alters the Organization of Actin
During the past decade we have been analyzing the response of actin filaments during auxin-dependent cell growth in Graminean coleoptiles. To understand the role of actin in signal-dependent growth, we initially analyzed phytochrome-triggered cell elongation in maize coleoptiles 23 and could define two populations of actin filaments (F-actin) that were functionally different. In cells that underwent rapid elongation, F-actin was organized into fine strands that became bundled in response to conditions that inhibited growth. This transition was rapid and preceded the changes in growth rate. Moreover, this response was confined to the epidermis, i.e., to the target tissue for the signal control of growth. 24 We later succeeded to separate the two actin populations biochemically due to differences in sedimentability. 25 Whereas the fine actin filaments correlated with a cytosolic fraction of actin, actin became progressively trapped on the endomembrane system and partitioned into the microsomal fraction when bundling induced by light (perceived by phytochrome), by fluctuations of auxin content, or by Brefeldin A. This bundling of actin was accompanied by a shift of the dose-response of auxin-dependent cell elongation towards higher concentrations and thus to a reduced auxin-sensivity. This led to a model, where auxin signaling triggered the reorganization of F-actin bundles into finer filaments that more efficiently transported auxin-signaling/transport components towards the cell pole. This debundling response of actin in response to auxin could later be demonstrated in intact rice coleoptiles in vivo using the actin binding domain of mouse talin in fusion with the yellow fluorescent protein (YFP) first upon transient, 26 later after stable expression.
addition of transportable auxin, or by 2,3-butanedione monoxime, an inhibitor of myosin motor function, indicating that the plane of cell division is regulated by actomyosin and auxin (Maisch and Nick P, unpublished results).
The Auxin-Actin Circuit in Cell Elongation
The suppression of auxin-dependent division synchrony by talininduced bundling of actin and it rescue by polarly transportable auxins suggested a causal link between actin organization and auxin transport. However, the readout, synchrony of cell division, was indirect-the argument would be more straightforward, if the transport of auxin could be measured directly rather than being monitored by a transport-dependent developmental process. To clarify this issue, we decided to test the relationship between actin organization and auxin transport in a system, where both parameters are amenable to observation and manipulation. We therefore returned to the classical system for the physiology of auxin transport, the Graminean coleoptile. To manipulate actin organization, we used again the approach to expressed the actinbinding protein mouse talin in fusion with the yellow fluorescent protein. 27 By utilizing different, independent transgenic lines, we were able to obtain variable degrees of F-actin bundling depending on the expression level of mouse talin. Whereas a moderate expression of talin left the configuration and dynamics of actin basically untouched, we observed bundling of actin filaments in lines that overexpressed talin strongly. In these strong expressor lines the characteristic alterations of actin organization and dynamics were accompanied by alterations of actin-dependent growth responses such as gravitropic bending or auxin-induced cell elongation. The sensitivity of these physiological responses to latrunculin B (that acts by sequestering monomeric actin and thus eliminates actin filaments due to their innate turnover), was reduced in the strong expressor lines, and both the speed, by which the wave of labelled auxin moved through the coleoptile segments was reduced as well as the steady-state velocity of transport in the strong talin-YFP overexpressors.
These observations linked the amplitude of talin overexpression with the physiological effect of actin bundling. When actin-bundling was induced in the wild type by phalloidin (mimicking the situation in the overexpressor line), this reduced actin dynamicity and auxin transport as well. These correlations demonstrated that a debundled configuration of actin is necessary for efficient responses to auxin including elongation growth, gravitropic bending and polar transport of auxin. Similar to the mT-BY2 cell line, addition of exogenous IAA or NAA (but 2,4-D) could restore both a debundled actin configuration and efficient longitudinal auxin transport in the strong talin expressors and with the same time course. Moreover, gravitropic curvature as physiological response dependent on polar auxin transport was recovered as well. Thus, the phenotype of the strong talin expressors was completely rescued by debundling of actin in response to exogenous IAA. Therefore, in these lines, a debundled configuration of actin is sufficient for efficient responses to auxin.
Thus, F-actin debundling was found to be both necessary and sufficient for auxin-induced stimulation of auxin transport, it but actively participates in the establishment of the polarity that drives auxin transport.
In the search for factors that regulate organization and polarity of actin filaments, we cloned the tobacco actin-related protein 3, a component of the actin-nucleation complex, as a bona-fide marker for sites of actin nucleation. 37 By biolistic transient transformation of tobacco cells we could, for the first time, visualize ARP3 in living plant cells. Using dual fluorescence visualization of actin (by a GFP fusion of the actin-binding site of fimbrin) and RFP-ARP3 we were able to confirm that ARP3 decorates actin filaments in vivo. When actin filaments were transiently eliminated (either by treatment with cytochalasin D or be cold treatment) and then allowed to recover, ARP3 marked the sites, from which the new filaments emanated. Thus, this marker allowed to followed the behaviour of actin-nucleation sites through patterned cell division and to observe that the apical cells of a file behaved differently from the cells in the center of a cell file.
The apical cells are distinct by their characteristic morphology (conical shape, distinct polarity) from the isodiametric cells in the center of a file. ARP3 accumulated in the apex of these apical cells, whereas PIN1 was concentrated at the proximal cross wall. Upon disintegration of the file into single cells, this gradient of ARP3 persisted, whereas PIN1 was redistributed uniformly over the plasma membrane. The apical cells divided in the mode of a stem cell, where the terminal daughter cell inherited the features of an apical cell, whereas the proximal daughter cell was isodiametric and developed the characteristics of a central cell. Interestingly, during the asymmetric divisions of apical cells, the ARP3-gradient was maintained in the terminal daughter cell, but it was lost in the proximal daughter cell. However, when the cell files extended by additional divisions, eventually a new ARP3 gradient (culminating in the distal pole, i.e., opposite to the gradient in the apical cell) in the terminal cell opposed to the original apex. Upon disintegration, these basal cells behave in the same way as the apical cells. The fate of the central cells of a file differs from that of the two terminal cells. In the central cells, ARP3 is distributed uniformly, and upon disintegration these cells divide symmetrically producing first bicellular, and then in a second round of synchronous divisions, quadricellular files. During those later stages ARP3 is redistributed in the terminal cells of the file such that it accumulates in the distal cell poles. Thus, although the final result resembles that in a cell file originating from a terminal progenitor cell, the pathway differs. In the developmental pathway of a terminal progenitor, the ARP3 gradient is present a priori, during the development of a central progenitor, the ARP3 gradient is generated a posteriori from an ancestral state that is symmetric.
These findings indicate that actin nucleation is upstream of developmental polarity and the polar distribution of PIN1. Alternatively, ARP3 and PIN1 might be distributed in parallel by an unknown event that is expressed in response to cell polarity.
Interestingly, the asymmetric divisions of terminal cells follow a constant geometric proportionality, whereby the ratio between mother cell and the respective larger daughter cell remains constant. In other words: the division obeys the principle of the 'golden section'. However, this ratio can be shifted by NPA, by
We therefore arrive at a model of a self-referring regulatory circuit between polar auxin transport and actin organisation, where auxin promotes its own transport by shaping actin filaments. This circuit seems to contribute to the self-amplification of auxin transport that is a central element in current models of auxin-dependent patterning.
Outlook: Manipulation of Intracellular Auxin Gradients with Caged Auxin
To probe the actin-auxin oscillator further, it is necessary to control auxin gradients at higher spatial resolution, desirably even across a single cell. To achieve this goal we used an approach based on caged auxin that can be released by localized irradiation in single cells or even parts of a cell. 39 Caged compounds are conventionally based on 2-nitrobenzyl-esters as caging group. However, the ester-bond was found to be enzymatically hydrolyzed in plant cells such that auxin was released prior to photolysis producing high unspecific background activities. Therefore, an esterase-resistant caging group was designed based on molecular modeling of the active sites in the responsible esterases, and this eliminated background release in the dark as probed by treatment of Arabidopis roots that had been transformed with the auxin-responsive DR5-promotor driving GUS. Moreover, root elongation as rapid and characteristic auxin-response could be manipulated by followed the same time course, and it could be triggered by IAA and NAA, but not by 2,4-D. The most straightforward model to explain these findings is a causal relationship between auxininduced debundling of F-actin and auxin-induced stimulation of auxin transport. By inducing a dissociation of F-actin bundles into finer strands, auxin might release auxin-efflux carriers such as the PIN proteins from sequestration in intracellular compartments such that these carriers can be delivered to their site of action at the plasma membrane (Fig. 1) .
The implications of this model are to be explored, but already at this stage it can be used to derive characteristic properties of basipetal auxin transport. For instance, the model predicts that the transport of IAA should oscillate. Auxin will induce fine F-actin strands that will partition auxin-efflux carriers more efficiently to the plasma membrane, sucht that the intracellular auxin concentration will decrease. This decrease will cause F-actin bundling and, as a consequence, efflux carriers will be sequestered in intracellular compartments, culminating in a reduced efflux such that auxin received from the adjacent cells will accumulate and trigger a new cycle. The frequency of these oscillations should depend on the dynamics of actin reorganisation (around 20 min), and the speed of PIN cycling (in the range of 5-10 min, 10) and is expected to be in the range of 25-30 min. In fact, such oscillations with a period of 25 min have been actually observed during classical experiments on basipetal auxin transport in coleoptiles.
38 Figure 1 . Model of the Actin-Auxin Oscillator. In the absence of auxin, actin is organized in bundles that do not support the localization of auxinefflux carriers in the plasma membrane, such that these carriers are clustered inside the cell. Upon addition of IAA or NAA (but not 2,4-D that is perceived by a different receptor), these bundles detach into fine actin strands that efficiently support the polar localization of the auxin-efflux carriers. The altered auxin efflux will transiently reduce the intracellular concentration of auxin (which will be later compensated by auxin drainage from neighbouring cells) such that actin returns to a more bundled configuration. This will again affect the localization and thus the activity of efflux-carriers such that intracellular auxin concentration increases again. Since the cycling of transporters is a rapid process, the frequency of the oscillator is mainly determined by the velocity of actin reorganization (in the range of around 20 min).
induced debundling of actin as reporter using again the BY-2 line overexpressing YFP-talin. 34 Caged IAA was loaded into the transgenic cells, and one cell of the bicellular file was irradiated with a microbeam of UV light. F-actin bundles reorganized into fine F-actin strands in the irradiated cell, but not in the neighbouring cell demonstrating that the physiological response to auxin truly reported the cell-to-cell gradient of auxin release. Thus, for the first time in a physiological context, these modified caged auxins open the exciting possibility of studying polar auxin transport on the cellular level. In the next step, this tool will be used to impose specific transcellular gradients of the patterning signal and even to probe actin organization in the context of intracellular gradients of auxin.
irradiation demonstrating physiological activity of the uncaged auxin.
In the next step, we examined, whether auxin gradients can be manipulated at the level of individual cells by this approach. For this purpose, we used tobacco BY-2 cells expressing GFP as reporter driven by the DR5 promoter. To demonstrate release of caged auxin, bicellular files were selected, where the fluorescence intensity of the reporter was equal in both cells. Then, IAA was released from its caged precursor in the tip of one cell by microirradiation with UV-light and fluorescence intensity followed over time. The fluorescence intensity in the cytoplasm of the irradiated cell increased continuously, whereas the cytoplasmic fluorescence in the adjacent cell did not change.
To test, whether this auxin gradient could trigger gradients of auxin-dependent physiological responses, we again used auxin-
